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Abstract
In the present study, we achieved the susceptibility mapping to slope instability processes 
by the implementation of Analytic Hierarchy Process and Weighted Linear Combina‑
tion methods, in the North Branch of Argentino Lake, Southern Patagonian Icefield. The 
strong retraction of the glaciers in the area has triggered paraglacial readjustments, produc‑
ing instability processes that favor the generation of mass removal processes. The results 
obtained from optical satellite images show that the highest degrees of susceptibility (4 and 
5) are located on the western slopes of the Upsala Channel, Bertacchi and Cono Tributary 
Glaciers, and the Moyano and Norte Valleys, respectively. These slopes coincide with the 
geographic location of previous events surveyed by the inventory of unstable areas of the 
zone. Low degrees of susceptibility are found on the downhill valleys, outcrops rock and 
glaciers. The Consistency Ratio was 0.069, indicating that being less than 0.1 the study is 
reliable. The study sheds light on the knowledge of slopes and valleys that are more sus‑
ceptible to processes of instability in mountainous areas, which would make it possible to 
prevent possible hazards associated with these events.
Keywords Analytic hierarchy process (AHP) · Weighted linear combination (WLC) · 
Susceptibility mapping · Slope instability process · North Branch of Argentino Lake (SPI)
1 Introduction
A landslide is the movement of a mass of rock, debris, or soil down a slope by the effects 
of gravity (Cruden 1991). The occurrence of landslides is related to various factors, includ‑
ing climate, hydrology, lithology, structure, and geomorphology. Landslide susceptibility 
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mapping (LSM) is an effective tool for understanding the probability of the spatial distribu‑
tion of future landslides (Feizizadeh et al. 2014). According to IUGS (1997), adapted by 
Fell et al. (2008), the determination of landslide susceptibility on a certain area relies on 
the classification, estimation of the area or volume (magnitude), and the spatial distribution 
of observed and potential landslides in the surrounding slopes.
Landslide susceptibility map relies on a rather complex knowledge of slope movements 
and their conditioning factors (Ayalew et al. 2004), and on an inventory map of instable 
areas. Furthermore, it is necessary to classify the relative stability of the area into catego‑
ries ranging from stable to unstable. It should be noted that triggering factors are not con‑
sidered in a susceptibility analysis due to their dynamic character (Suarez 2009) and it is 
not always possible to include every aspect in a susceptibility analysis (Moreiras 2005). 
Recently, landslide susceptibility mapping has been made possible due to the accessibility 
and variety of remote sensing data and thematic layers as conditioning factors data using 
Geographic Information Systems (GIS) (Scaioni 2013; Qiao et al. 2013). However, given 
the development of GIS and remote sensing technology, more sophisticated spatial models 
have been applied to landslide susceptibility mapping (Gorsevski et al. 2006a).
Several different methods and techniques for landslide susceptibility mapping have been 
proposed or tested. Landslide susceptibility mapping methods can be classified as qualita‑
tive or quantitative, and as direct or indirect (Guzzetti et al. 1999). There are mainly four 
methods available to map landslide susceptibility, namely landslide inventory‑based proba‑
bilistic, deterministic, heuristic, and statistical techniques. The heuristic approach based on 
the a priori knowledge of all causes and instability factors involved in the instability of the 
area under investigation. Thus, it is a mostly qualitative approach that depends on how well 
and how much the researcher/professional understands the geomorphological processes 
acting upon the terrain (Guzzetti et al. 1999). This method adds a certain degree of sub‑
jectivity to the assignment of weights and their influence on the triggering of landslides 
based on the criterion of the operator. Therefore, this situation hinders the comparison of 
results achieved by different authors (Gorsevski et al. 2006b). Heuristic analysis (qualita‑
tive approach) is based on the intrinsic abilities of specialists to analyze aerial photographs 
and satellite images or to conduct field surveying (Yilmaz and Yildirim 2006).
Semi‑qualitative methods are qualitative approaches that apply weighting and qualifica‑
tion procedures. The Analytic Hierarchy Process (AHP) by Saaty (1980) and the Weighted 
Linear Combination (WLC) were first introduced by Voogd (1983), and they belong to 
qualitative methodologies. AHP is widely used for landslide susceptibility mapping 
(Barredo et  al. 2000; Ayalew et  al. 2005; Gorsevski et  al. 2006b; Yalcin 2008; Wu and 
Chen 2009; Kayastha et al. 2012; Shahabi and Hashim 2015), given its easy implementa‑
tion and sparse use of detailed in situ and laboratory data required. In addition, AHP is a 
well‑known method of the multicriteria technique, which has been incorporated into Geo‑
graphic Information Systems‑based suitability procedures (Jankowski and Richard 1994; 
Marinoni 2004); while decisions are taken using weighting by relative pairwise compari‑
sons (Saaty 1980). A very important step for the generation of final susceptibility maps is 
the application of the WLC analytic method. This method allows multiattribute decision‑
making based on the importance of these criteria where the weights are incorporated to 
form a single score of evaluation (Gorsevski et al. 2006b). Finally, the Multicriteria Evalu‑
ation method (MEM) is applied for the analysis of landslide susceptibility, which allows 
to evaluate quantitatively the consistency in the assignment of weights, thus lessening the 
subjectivity factor in the treatment of variables.
One of the main causes for slope instability in deglaciated environments is the loosening of 




of the paraglacial processes. In this sense, the Southern Patagonian Icefield (SPI), especially 
the Upsala Glacier, shows instability events given the paraglacial processes occurring in the 
area (Moragues et al. 2019a, b). Although glacier recession and steep slopes are one of the 
main causes of instability, there is a combination of conditioning and triggering factors that 
cause and affect these processes (Moragues et al. 2019b). Hence, the goal of this study is to 
map the susceptibility to instability processes in the Northern Branch of the Argentino Lake. 
Analytic Hierarchy Process Method (AHP), Weighted Linear Combination Method (WLC), 
and Multicriteria Evaluation Method (MEM) were used and combined on SPOT 6–7 optical 
satellite images data.
The North Branch area of Argentino Lake is an international landscape seeing a desti‑
nation that attracts many tourists. At least 700.000 tourists sail in boats through the Upsala 
Channel during the summer season, being exposed to the occurrence of landslide processes 
(Moragues 2020). Particularly an extraordinary event occurred in February 2013 generating a 
large tsunami that caused destruction along the coast of the Upsala Channel (Moragues et al. 
2019a). Fortunately, this event happened during the night where not bouts were sailing on the 
North Branch Lake. However, the instability processes could generate potential risks for tour‑
ist activities. In the area there is a wide spectrum of glaciological research (e.g., Skvarca et al. 
1995; Sakakibara et al. 2013; Moragues et al. 2018; Foresta et al. 2018); however, there is a 
deficiency of studies dedicated to the susceptibility and risk for these processes. Therefore, 
the elaboration of a landslide susceptibility map provides new and relevant contributions to 
the knowledge and understanding of the paraglacial processes that occur on the slopes of the 
Upsala Channel and surrounding valleys. In this way, decisions can be made on land use plans 
for the reduction, prevention, and/or mitigation of the possible hazard of the area associated 
with these events.
1.1  Study area
The study area is located in the Southern Patagonian Andes, in Santa Cruz province, Argen‑
tina. The slopes under study are located in the Southern area of Los Glaciares National Park 
on the North Branch of the Argentino Lake, Southern Patagonian Icefield (SPI) (Fig. 1). SPI is 
aligned with the West wind’s axis (Naruse and Casassa 1985); its western edge receives heavy 
rainfalls and snowfalls given the orographic effect, with an estimated average annual range 
of 6400 mm (Garreaud et al. 2013). The mean annual temperature is 6 °C approx. (Carrasco 
et al. 2002), which makes it possible for the Nothofagus native forest to coexist together to the 
ice located on the periphery of the glaciers front.
The area presents a geological context characterized by the presence of a volcanic‑sedi‑
mentary complex corresponding to the Austral Basin (Kraemer and Riccardi 1997). The mor‑
phometry of the current Upsala Channel was mainly formed by the erosive work formerly 
caused by the large Upsala Glacier, which developed toward the Andean foreland area over 
weak lithologies such as the slate rocks prevailing in the area (Lo Vecchio et al. 2016).
2  Data used
2.1  Optical satellite images
SPOT (Satellite Pourl’ Observation de la Terre) 6 and 7 images were used with an L2A 




ogo.html); Table 1 shows the applied images that cover the study area. To cover the area, 
four images taken between October and April were chosen, considering the sparse avail‑
ability of images without cloud cover due to the prevailing climatic conditions (Sagredo 
and Lowell 2012). The images were used for identifying and mapping the areas of insta‑
bility by photointerpretation. As of these images, an inventory was created, and informa‑
tion regarding lithology aspects, distance to geological faults, and geomorphology was 
collected (Fig. 2).
2.2  Digital elevation model
The Digital Elevation Model (DEM) ALOS PALSAR (Phased Array‑type L‑band Syn‑
thetic Aperture Radar), an RTC (Radiometrically and Terrain Corrected Geocoded Geo‑
TIFF) product, with a resolution of 12.5 m was applied to obtain the morphometric param‑
eters (slope, aspect slope, and plan curvature) (Fig. 2). The DEM was obtained from the 
Alaska Satellite Facility platform (https ://www.asf.alask a.edu/sar‑data/palsa r/).
2.3  General settings
All input spatial data variables, intermediate and final susceptibility maps, were pro‑
jected onto the Datum WGS‑84, 18S UTM system using the QGIS 2.18.19 and ENVI 
4.8 software, respectively. The factors were homogenized into digital format, convert‑
ing all the information to a raster format, using the same number of rows (4890) and 
Fig. 1  Study area in the North Branch of Argentino Lake, Southern Patagonian Icefield (SPI), Santa Cruz, 















































































































































































































































































































































columns (2810). Thus, the spatial resolution of every product was converted to 12.5 m, 
taking as a base the size of the DEM pixel. This way, all layers for calculation were inte‑
grated correctly in the Geographic Information System (GIS).
3  Cartographic data and thematic maps generation
3.1  Conditioning factors of instability
In order to produce landslide susceptibility maps, it is important to know the intervening 
conditioning factors and to prepare all necessary thematic maps (Ahmed 2015). Condi‑
tioning (quasi‑static) factors contribute to susceptibility and relate inner properties that 
include geomorphological and geological characteristics, slope gradient, slope aspect, 
elevation, geotechnical properties, long‑term drainage patterns, and vegetation cover 
(e.g., Dai and Lei 2001; Cubito et  al. 2005; Moreiras 2005; Kawabata and Bandibas 
2009). The combination and multiplicity of data for the study of landslides optimize the 
techniques and its derivate results. For generating the susceptibility zoning, a certain 
number of conditioning factors were selected, and are detailed below.
3.1.1  Slope angle
Most of the studies about susceptibility due to mass movements use the slope angle as 
one of the most important independent variables (e.g., Brabb et  al. 1972; Corominas 
et al. 2003; Guzzetti et al. 2006; Moreiras 2005, 2009; Marta et al. 2010; Kayastha et al. 
2013). The critical inclination angle in mountain areas for mass removal is 30°–32° 
(Clarke and Burbank 2010; Tofelde et al. 2017), although slopes with lower angles can 
become unstable. According to Varnes (1984), in order to generate the slope map, the 
slope angle was divided into six classes: steep (> 70º), very strong (50°–70°), strong 
(30°–50°), moderate (15°–30°), gentle (5°–15°), and flat (0°–5°).
3.1.2  Geomorphology
We considered in this variable seven classes involving geomorphological processes and 
deposits: lateral moraine, terminal moraine, glacier‑fluvial plain, glacier, water bodies 
validated according to Glasser et al. (2008) and Moragues et al. (2019b), and, further‑
more, the classes outcrop rock and undefined landform were added based on the clas‑
sification made by Lo Vecchio et  al. (2016). Those slopes currently uncovered by ice 
were considered. On the other hand, water bodies were not taken into consideration for 
the analysis as they are lake beds resulting from glacial erosion that may produce under‑
water landslides (Beigh et al. 2019). However, the North Branch area of Argentino Lake 
lacks on studies and knowledge of underwater mass removal processes. The category 
undefined landform was used when the surface of deposits or landforms were not dis‑
tinguished by remote sensing due to dense vegetation even the slope stability behavior 
of this class is uncertain. Previous landslide of considerable magnitude was generated 




3.1.3  Aspect slope
The orientation of a given slope is an important factor for instability since it is related 
to a greater or lower amount of incoming solar radiation. In this study, slope aspect was 
divided into six classes according to the orientation of the chosen slopes: Sunny slope: 
North (0°–22.5°/337.5°–360°), Northeast (22.5°–67.5°), East (67.5°–112.5°), West 
(247.5°–292.5°), and Northwest (292.5°–247.5°); Shaded slopes: South (157.5°–202.5°), 
Southeast (112.5°–157.5°), Southwest (202.5°–247.5°), and flat (0°). It should be clari‑
fied that the sixth class of the aspect slope results from the joint of the shaded slopes that 
are exposed to less sunshine. Therefore, they are not as prone to generate processes of 
instability.
3.1.4  Lithology
The physical properties and the resistance of each material from a certain lithological type 
determine its tense deformation behavior, and, as a result, its stability (Moreiras 2009). 
For this variable, information concerning the lithology map generated by Moragues et al. 
(2019b) was used. The weight values were assigned for generating the lithology map 
according to the resistance of the rocks composing each lithological formation. In this 
sense, the glacier‑covered area and the water bodies were codified with a 0, since the lithol‑
ogy under them is unknown. Hence, only the outcrop lithological formations (four classes) 
were considered according to the geological formations and characteristics (Kraemer and 
Riccardi 1997; Lo Vecchio et al. 2016) (Fig. 2). 
1. El Quemado complex pyroclastic rocks composed of andesites, dacites, and rhyodacites. 
Volcanic rocks in the area are characterized by north–south, westwards dipping cleavage 
fracture. Outcrops are characterized by tight folding associated with inverse faulting. 
This allows for the exposure of interdigitating massive psefites and pyroclastic rocks of 
this complex west of Rio Mayer.
2. Río Mayer formation prevailing of slate rocks, initially laminated dark gray or black 
pellets that are fissile. In the lower levels most sections, with fracture and interdigitating 
with calcareous levels up to 4 cm thick, with red alteration colors and positive relief.
3. Bahía La Lancha formation this is identified by two well‑defined lithological types: (1) 
it is characterized by its sedimentary aspect, and it is constituted by an alternation of 
sandstone and pellets with a granulometry that varies from thick conglomerate sandstone 
to fine sandstone of light gray or brown color; (2) Green to gray phyllites showing pro‑
gressive loss of sedimentary features, appearance of foliation planes with a satin sheen 
and green to gray tones.
4. Cerro Toro formation slate formation; dark gray, massive pellets, with an alternation of 
greenish‑gray sandstones. This unit is recognizable by its dark gray tones and a typical 
alternating hard‑soft erosion profile.
3.1.5  Plan curvature
There are two types of plan curvature which determines either flux convergence (concave) 
or divergence (convex). There is also the profile curvature, which is parallel to the slope and 




or deceleration of the currents on the surface (Felicisimo 1994). Plan curvature was applied 
in this study, since it influences the slope instability processes according to the conver‑
gence or divergence of water during the passing of flux down the slope (Ercanoglu and 
Gokceoglu 2002). For this reason, this parameter constitutes one of the conditioning fac‑
tors controlling landslide occurrence (Nefeslioglu et al. 2008). This variable was divided 
into three classes: concave (<  − 0.001), convex (> 0.001), and flat ((− 0.001)–0.001).
3.1.6  Distance to geological faults
Faults create a gap between two distinctive lithological units and generate fractures and 
joints within the lithological unit that can propagate landslide activity (Regmi et al. 2016). 
Active faults increase susceptibility to these processes since the rocks near a fault are 
weaker due to the vibration wave that occurs over time (Leir et  al. 2004). In the study 
area, the location of reverse faults was obtained from Kraemer and Riccardi (1997) and 
Ghiglione et al. (2009). The Andean region includes the folded strip and internal route at 
an altitude of approximately 3000 m A.S.L. in its western edge, and it is partially covered 
by glaciers. To the west, the structural relief decreases toward the depression of the Upsala 
Glacier where Cretaceous rocks overlying the Palaeozoic base emerge (Ghiglione et  al. 
2009). The geological formations that affect the area’s faults are El Quemado Complex, 
Fig. 2  Workflow for mapping susceptibility to slope instability processes. Note that the detection of topo‑
graphical features was done on the basis of photointerpretation and the background studies: Kraemer y Ric‑





Mayer River, and La Lancha Bay (Kraemer and Riccardi 1997; Ghiglione et  al. 2009). 
Multiple buffers were generated to estimate the impact area over the lithology, consider‑
ing the that the proximity of these formations to the faults (up to 1000 m) increases the 
susceptibility of the material. Based on this fact, four classes were generated: 0–200 m, 
200–500 m, 500–800 m, 800–1000 m.
3.2  Inventory: areas with slopes instability processes
Accurate and reliable landslide inventory data are crucial for landslide susceptibility map‑
ping (Corominas et al. 2014; Zhu et al. 2014). Landslide inventory maps show locations 
and features of landslides that have occurred in the past. Although they usually do not 
show the mechanism(s) that triggered them (Shahabi and Hashim 2015). Therefore, inven‑
tory maps provide useful information about the spatial distribution of locations of existing 
landslides and the potential occurrence (Razak et al. 2013). Hence, the slopes instability 
geoforms were detected by optical satellite images photointerpretation, while some geo‑
forms were verified in the field.
4  Methodology
In the first stage, the thematic maps of the six conditioning factors of the area were gener‑
ated based on satellite images and DEMs (Fig. 2). Then, the heuristic method (AHP and 
WLC) was applied to determine the relative importance of the factors and their classes 
concerning susceptibility. From the consistency index, the right assignment of weights as 
a weighting mechanism for each factor and their respective classes was evaluated for the 
construction of every factor maps. Finally, the Easy‑AHP v1.0 plugin (analyses AHP and 
WLC) in QGIS was applied to obtain the final susceptibility to the instability processes of 
the area in the North Branch of the Argentino Lake. These results are validated with the 
generated inventory map. Figure 2 shows the overall processes proposed.
4.1  Analytic hierarchy process (AHP)
The AHP method is a common tool for analysing complicated spatial problems focusing on 
site selection, urban planning, and natural hazard susceptibility analysis (Suarez 2009). It is a 
semi‑quantitative method in which decisions are taken applying weightings through relative 
pairwise comparisons, with inconsistencies in the decision‑making process (Saaty 1980). This 
method consists of three principles, which, in general terms guide the evaluation process: the 
construction of hierarchies, the setting of priorities, and an evaluation carried out by means 
of a logic consistency index. The processes involve the following five steps: (1) division of 
the component problems precision; (2) disposition of these factors on a hierarchic order; (3) 
assignment of numeric values, to determine the relative importance of each factor according 
to its subjective relevance; (4) configuration of a comparison matrix; and (5) calculation of 
the normalized main eigenvector, that provides the weight factor up to the moment (Saaty and 
Vargas 2001). According to Thanth and De Smedt (2012), the advantages of using AHP in a 
landslide analysis are as follows: (1) all types of information can be included in the discus‑
sion process; (2) judgment is structured so that all the information is taken into account; (3) 
discussion rules can be based on experience; (4) once a consensus is reached, weights for each 




and (5) inconsistencies in the decision process can be detected and, therefore, corrected. Also, 
this method is subjective in the ranking of factors and weights of geospatial parameters that 
determine from one experts’ knowledge on the subject and area (Kayastha et al. 2013; Meena 
et al. 2019).
Based on the data availability of the study area, six conditioning factors and their corre‑
sponding classes were selected. A hierarchic order was granted to each factor according to the 
importance and the affectation to slope instability in the area as well as the weights assignment 
(level of relative importance). The selection criteria for the weights were relative, depending 
on each conditioning factor, knowledge of the area, and existing background. The data of 
factors classes were added (Σxj) ordered in rows and columns to form the overall matrix. To 
obtain the relative weight of every factor and class, the summation of every row and column 
is divided(Σ(Σxj∕n)∕(Σxj∕n)) , being n the number of factors. The sum of all the weighted 
weights in the matrix must be 1.
4.1.1  Consistency index evaluation
Consistency ratio (CR) is a non‑statistic index that is determined by the quotient between the 
Consistency Index (CI) and the Random Consistency Index (RI) obtained from Eq. (1). CR 
evaluates the consistency of the decision‑making process of the operator providing the deci‑
sion judgement (Saaty 2000).
CI is a measure of deviation from the consistency of the pairwise comparison matrix. It is 
obtained from the following expression: CI = max−n
n−1
 , where 
max
 is the maximum eigenvalue 
of the comparison matrix and n is the number of conditioning factors. In some cases, where 
there may be an inconsistency in the judgments, the eigenvalue tends to be higher than the 
range of the matrix. The maximum value of the pairwise comparison matrix was obtained 
by multiplying the values of the comparison matrix (AHP) by the relative weights granted in 
every row.
RI is the consistency index of a random reciprocal matrix with reciprocals forced, showing 
values that range from 1 to 9. Saaty (1980) defines this random matrix to give consistency to 
the given weights of each factor (see Table 2). If CR is lower than 0.1, the consistency of the 
model is acceptable; if it is higher than 0.1, it will be necessary to recalculate the pairwise 
comparison (Hung et al. 2016).
4.1.2  Multicriteria evaluation method (MEM)
This method allows to evaluate quantitatively the consistency in the assignment of 
weights in order to decrease the inherent subjectivity, a factor they have. In this study, 
MEM is based on analytic hierarchies and linear sums weighted from the factor weights 
and their classes (Saaty 1980; Eastman et  al. 1995). First, to determine the weights, 
(1)CR = CI∕(RI)
Table 2  Random consistency index (RI) (Saaty 1980, 2000)
n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15




the priorities of the conditioning factors are settled through the pairwise comparison 
of elements according to the influence of the slope instability (Hervás et  al. 2003). A 
database was created by selecting and mapping the conditioning factors of instability. 
Hence, every factor was divided into classes, and weights were assigned to them accord‑
ing to the relative influence on the slope instability processes. It should be noted that in 
this study, the scale made by Saaty (1980) was adapted to that generated by Roa (2007) 
for the instability processes (see Table 3).
4.2  Weighted linear combination (WLC)
This method is a hybrid between the quantitative method and the qualitative method 
(Ayalew et al. 2004), based on the approach of a combination of qualitative maps (heu‑
ristic analysis) (Shahabi and Hashim 2015). This is the simplest method that adds crite‑
ria to form a single score of evaluation. In the WLC method, each criterion is multiplied 
by its weight from the pairwise comparison, and the results are summed (Eq. 2):
where susceptibility S is the final score, wi is the weight of the criterion i, and µi is the cri‑
terion standardized score (Gorsevski et al. 2006a). The decision‑making operator directly 
affects the weights of proportional importance to each thematic layer.
Each factor was multiplied by the assigned weighted weight to obtain a total punc‑
tuation for each of them (Feizizadeh and Blaschke 2013), and, lastly, the correspond‑
ing results were added to all the factors. Finally, the susceptibility map to slope insta‑
bility processes was made using the WLC through the combination of all the layers 
weighted in individual maps (Voogd 1983). Then, a slope failure susceptibility index 
was obtained by a weighted linear sum (Voogd 1983). With the given results, a whole 
number was codified to every class, and the total area of the unit and the slipped surface 
 (km2) of each class of the factor were calculated (Table 6). The obtained ranges were 
provided by the relative weights considering those of each class. The selected suscepti‑
bility degrees were as follows: 1 (very low), 2 (low), 3 (moderate), 4 (high), and 5 (very 
high). Consequently, the susceptibility category for each class and factor, respectively, 
was achieved and were included in the final susceptibility map (Marcano et al. 2015).





Table 3  Assessment scale to estimate the coefficient to be assigned to each of the variables considered in 
the matrix of analytical hierarchies according to Roa (2007). Source Modified Caaty scale (1977)
Importance level Definition Description of criterion x, when compared to j
1 Equal preference The two criteria (x, j) contribute equally to mass removal 
processes
2 Moderate preference Past experiences slightly favor criterion (x) over (j)
3 Strong preference Practically the dominance of criterion (x) over (j) is demon‑
strated




1. The input parameters, meaning the susceptibility maps for factors in relative order were 
selected, from the most instable variable to the most stable variable.
2. The weight values in the comparison matrix of each row were completed. In this step, 
the CR, CI, and RI were automatically calculated.
3. The Weighted Linear Combination (WLC) was calculated generating a table with the 
weighting values assigned to the factors composing the matrix. The WLC procedure is 
carried out through the following formula (Eq. 3) (Palma Herrera 2015):
where S, G, A, L, C, and F are the initials that stand for the conditioning factors of slope 
instability (slope, geomorphology, aspect slope, lithology, plan curvature, distance to geo‑
logical faults), y Ww (weighted weight).
Therefore, the final susceptibility map was validated by the inventory map. This simple 
type of validation based on spatial cross‑checking of the mapping results serves as a first 
indicator for the plausibility of the landslide susceptibility map (Hung et al. 2016).
5  Results
5.1  Susceptibility by conditioning factors
The incidence and relative weight of the six conditioning factors in the slopes instabil‑
ity were carried out based on the selection and analysis of their classes in the area of the 
North Branch of the Argentino Lake (Fig. 3). The results of the AHP generated a matrix 
where the weighted weights were settled for all the classes of every factor (see Table 4), 
and which served as a base for producing the susceptibility maps for each factor.
Afterward, each factor influencing slope instability is analyzed.
• Slope angle The moderate type slopes (30°–50°) and the strong slopes (30°–50°) 
(Fig.  3a) prevail in the area, with relative weights of 0.17 and 0.13, respectively 
(Table 4). These slopes are composed of rocky outcrops as is the case of Herminita 
Peninsula. The classes with higher relative weight correspond to steep (> 70°), very 
strong (50°–70°), and strong (30°–50°) that cover 18% of the total surface under study 
(2,644  km2), and they are located on the higher slopes (Fig. 3a). The last three classes 
represent the areas with a greater slipped surface (24.08 km2) (Table 5) and with high 
and very high susceptibility degrees (4 and 5) (Fig. 4a). Furthermore, the glaciers with 
flat slopes (< 5°) show faint possibilities of causing instability.
• Geomorphology Seven classes were represented (Fig. 3b); the classes with the highest 
relative weight for instability process are the lateral and terminal moraine, and unde‑
fined landform present in the area (Table 4). The lateral moraine class has the highest 
weight (0.25) with a susceptibility degree of 5 (very high), representing 1.46% of the 
total  km2, being the slipped area of 26.66  km2 (Table  5). The terminal moraine and 
undefined landform classes have a susceptibility degree of 4 (high). Of the total area of 
the undefined landform class (399.53 km2), 4.97 km2 correspond to a slipped surface; 
this class and the lateral moraine, are the only ones that show instability processes. The 
classes that show lower susceptibility and lower relative weight are the glacier‑fluvial 
plain (0.07), and outcrop rock (0.04), with a low and very low degree of susceptibility 




(Table 5). This is can be explained due they are plain covers and rocky that present a 
faint possibility of generating instability processes (Fig. 3b).
• Aspect slope The slopes that are more exposed to sunlight have a higher relative weight 
on instability processes (Fig.  3c, Table  5). In the area, these are the slopes oriented 
toward the East (0.27), Northeast (0.26), and North (0.21), with a high (4) and very 
high (5) degree of susceptibility (Fig. 4c). Then, of the total area corresponding to slope 
orientation (2,645.26 km2), these three classes represent 42%, and have 18.21 km2 of 
slipped area. On the contrary, the slopes orientated toward the West and the North‑
west, and the shaded slopes (Fig. 3c) show lower relative weight values for instability 
0.12, 0.10, and 0.04, respectively. They represent 1533.75 km2 of the total as the class 
covers, with 30% of the slipped area (Table 5), with a low and very low susceptibility 
(Fig. 4).
• Lithology Lithological formation El Quemado Complex prevails in the area (Fig. 3d), 
covering the largest area of all the classes (848.31 km2) formed over pyroclastic rocks 
(andesites, dacites, and riodacites). This shows the largest amount of geoforms due to 
instability (15.41 km2), with the highest relative weight in this factor (0.41) and a very 
high susceptibility degree (Fig.  4d). The Cretaceous Pellets (Rio Mayer Formation) 
show a relative weight of 0.35 and high susceptibility. Thus, Rio Mayer and El Que‑
mado Complex have the highest amount of slipped material in the area, 15.41 km2 and 
12.02 km2, respectively (Table 6). Oppositely, the two other classes have lower rela‑
tive weights on the instability processes with 0.16 the sandstones, pellets, and phyllites 
Fig. 3  Conditioning factors of instability with their respective classes in the area of study. d Geological 
Formations: (1) El Quemado Complex (pyroclastic: andesites, dacites, riodacites), (2) Río Mayer (Creta‑





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(Bahía La Lancha Formation) and 0.08 the slates (pellets and sandstone‑Cerro Toro 
Formation) (Fig. 3d, Table 4). The zones cover 18.5% of the area with susceptibility 
degrees of 2 (low) and 1 (very low) (Fig. 4d), noting that there are instability processes 
only in Bahía La Lancha Formation (4.53 km2) (Table 6). Cerro Toro Formation is a 
big rocky formation of low altitude (200–300 m ASL) (Moragues et al. 2019b) without 
slipped area (Table 6).
• Plan Curvature The concave slopes where fluxes converge (Fig. 3e) have the highest 
relative weight of the curvature plan factor in the area with a value of 0.61 (Table 4), 
and a very high susceptibility to instability processes (Fig. 4e). Differently, in convex 
slopes where fluxes diverge, instability processes have a lower relative weight (0.25) 
and a low susceptibility degree of 2 (Fig. 4e, Table 5). Finally, the flat terrains located 
Fig. 4  Susceptibility maps to slope instability processes according to conditioning factors, through the 
implementation of analytic hierarchy process (AHP) of the area North Branch of Argentino Lake
Table 6  Consistency index for the mapping of susceptibility to processes of slope instability
Conditioning factors
Slope Geomorphology Aspect slope Lithology Plan curvature Distance to 
geological 
faults
n 6 7 6 6 3 4
λmax 6.61 7.88 6.34 4.18 3 4.09
CI 0.12 0.15 0.07 0.06 0 0.03
RI 1.24 1.31 1.24 0.90 0.58 0.90




in some valleys and glaciers (Fig. 3e) have a lower relative weight and a very low sus‑
ceptibility degree of instability processes (Fig. 4e).
• Distance to geological faults The faults are located over Moyano and Norte Valleys, 
and the western side of the Upsala Channel heading N‑S and diving west (Fig. 3f). The 
affectation areas of these faults show that the first distance of 0–200 m (0.37 weight) 
has a high degree (4) of susceptibility (Fig. 4f), being this zone the most affected area 
in the event of an earthquake. The area located between the 200–500 m has a relative 
weight of 0.30 and it shows the largest amount of slipped area with 6.34 km2 of a total 
of 13.06  km2 (Table  5). Also, the area placed in the attitudinal range of 500–800  m 
(0.23 relative weight) has a moderate susceptibility degree (3) to instability processes 
similar to the previous one (Fig. 4f). The furthest areas from the faults (800–1000 m) 
show a relative weight of 0.09, without slipped material, and have a susceptibility 
degree of 1 (Fig. 4f).
Table 6 shows the order of the conditioning factors for instability in the area with their 
respective n, λmax IC, RI, and RC. Plan curvature, distance to geological faults, and aspect 
slope are the factors that show a lower and more reliable Consistency Ratio. The other fac‑
tors (slope angle, geomorphology, and lithology) show CR values lower than 0.1, which 
indicates that the weights of all factor classes are accepted.
5.2  Landslide susceptibility mapping
The results obtained in the WLC (Easy‑AHP) process about the incidence of the condition‑
ing factors are shown in Table 6. Slope angle factor has the highest relative weight (0.29), 
which shows that those factors related to topographic and geomorphologic aspects have 
more incidence on slope instability (see Table 7). The faults show the lowest rank of inci‑
dence (0.06). The resulting CR for the final susceptibility map equals 0.069, 6.427 λmax, 
and the CI equals 0.085.
In the final susceptibility map for instability processes in the area (Fig.  5), the larg‑
est areas correspond to degrees 1 (very low), 2 (low), and 3 (moderate). Meanwhile, the 
areas classified with degrees 4 (high) and 5 (very high) are smaller, but still important. The 
location of the areas showing instability processes coincides with the susceptibility areas 
with high and very high degrees. Susceptibility degree 5 (very high) can be found on the 
Table 7  Weighting matrix of the conditioning factors with their respective classes and the weighted linear 
combination (WLC) calculated for each factor by Easy‑AHP, QGIS
Conditioning factors Weighting matrix in pairs WLC
1 2 3 4 5 6
1. Slope angle 1 2 2 2 3 3 0.29
2. Geomorphology 0.50 1 2 2 3 3 0.23
3. Aspect slope 0.50 0.50 1 3 2 4 0.20
4. Lithology 0.50 0.50 0.33 1 3 2 0.13
5. Plan curvature 0.33 0.33 0.50 0.33 1 3 0.09




western slope of the Upsala Channel, near the front of the homonymous glacier, oriented 
from the northeast to the west where frontal moraines rest. The slopes of the Bertacchi and 
Cono Tributary Glaciers, as well as the slopes of Moyano and Norte Valleys, reach values 
up to 4.68, which means that they have a very high susceptibility degree (5). It should 
be noted that in these slopes the conditioning factors contribute to increasing instability: 
steep slopes, sunny side slopes, presence of geoforms and loose moraine material, low‑
resistance lithology, concave curvature, and closeness to geological faults. The areas with 
a low degree of susceptibility (1–2) are located over glaciers and at Herminita Peninsula, 
Fig. 5  Susceptibility mapping to the slope instability processes through the implementation of analytic 





the eastern slope of the Upsala Channel, given its rocky formation that is not fissile, and its 
slope that does not exceed 250–300 m ASL.
From the comparison of the results obtained by the inventory map, it is observed that 
32 instability events (paraglacial geoforms) have been recorded and they coincide with the 
highest susceptibility degrees (see Fig. 5). Moreover, 46.9% (15 events) of the 32 parag‑
lacial geoforms correspond to high and very high susceptibility, 31.2% (10 events) cor‑
respond to a moderate degree, and 21.9% of the instability events (7) are located on slopes 
with low and very low susceptibility.
6  Discussion
Traditionally, conditioning factors, such as those applied herein, have been used for land‑
slide susceptibility map modelling in mountain areas (e.g., Ayalew et al. 2004; Pourgha‑
semi et al. 2012; Chen et al. 2017; Yan et al. 2018; Meena et al. 2019). Nevertheless, there 
are certain dynamic factors that may trigger instability processes, e.g., land use, dams, 
road construction, and rainfall, among others (e.g., Hervás et al. 2003; Mondal and Maití 
2012; Hasekiogulları and Ercanoglu 2012; Ahmed 2015; Marcano et al. 2015). These fac‑
tors were not included since the area is located in a natural environment, free of anthropic 
infrastructure. The extreme meteorological events and earthquakes might be preponderant 
triggers factors; however, the area lacks local weather and seismic stations for continuous 
monitoring. On the Chilean side, there are two closest meteorological stations to the area, 
Torres del Paine at 130 km south of the area, and the O’Higgins station, 180 km north. 
On the other side, the seismic events can be obtained from worldwide catalogs that locate 
events; thus, there is no guarantee that they will register earthquakes with local characteris‑
tics that could trigger instability processes in the North Branch area. Hence, the election of 
the applied factors was based on the availability of data in the study area. The factors used 
in the study can be applied to other areas with similar conditions to assess future compre‑
hensive landslide hazard mitigation measures (Yoshimatsu and Abe 2006). According to 
Meena et al. (2019) in the Himalayas area, the two conditioning factors that influence the 
instability processes are the lithology and slope aspect. Contrasting for this study, the slope 
and geomorphology are the most important variables for susceptibility assessment.
Lithology was not so important due to the particular type of landslides generated from 
glacial deposits in the study area. Slope instability in this glacial environment seems to 
be more related to unconsolidated deposits than to outcroppings. According to this land‑
form analysis is fundamental to understand the slope dynamics related to paraglacial pro‑
cesses in a glacial environment where incoherent glacial deposits are the most unstable 
units. For this reason, this analysis throws that lateral moraine (geomorphology variable) 
has a higher weight (0.29) compared with the susceptibility of the El Quemado Complex, 
the main lithology of the region (0.13) (Tables 5 and 7). Moreover, those areas mapped as 
undefined landforms when they are covered by vegetation correspond to glacial deposits 
showing high instability processes even they were initially precluded to have undetermined 
behavior.
Two different scenarios show the highest susceptibility areas in the North Branch 
(Fig. 5). For the northern areas closer to glaciers of the Upsala Channel, unstable hillslopes 
are directly related to steep lateral moraines under a factor combination favoring instability 
(Moragues et al. 2019b). The major number of landslides is concentrated in these areas. 




present instability processes, except for a little landslide in the Spegazzini Glacier (Fig. 5), 
resulting from the high weight assigned to the highest slopes. This region shows steep relief 
with sun‑exposed hillslopes, but glacial deposit does not predominate (lateral moraine). So 
even susceptibility degrees of 4 and 5 are detected on a great part of the hillslope of the 
Western Upsala Channel, they correspond to two completely different environments.
Thus, the main limitation of this heuristic method is the subjectivity in the factor clas‑
sification and weight assignment that could differ from one expert to another (Saaty 2008; 
Kayastha et al. 2013). However, the how‑known of the environment the weight assessment 
to the geomorphology, slope angle, and lithology variables resulted in accurate landslide 
susceptibility for the study area.
On the other side, the material type (e.g., soils, soft rock, or brittle rock) and slope 
geometry also influence the type of landslide that may be expected (e.g., soil flow, slump, 
rock avalanche). Also, the knowledge of these parameters can also be used to help predict 
the type of landslides expected (Gerrard 1994; Cruden and Martin 2013; McColl 2015). 
However, in the current investigation, no classification of factors was made for the genera‑
tion of the different types of slides. Instead, all paraglacial geoforms were generalized as 
instability processes, and this inventory was used to validate the susceptibility map.
The AHP method has been widely used as a decision analysis technique for evaluat‑
ing the relative importance of the activities related to slope instability in many countries 
(Ladas et al. 2007; Hung et al. 2016). The combination of the AHP and WLC methods is 
appropriate for landslide susceptibility mapping in broad mountain areas that show lim‑
ited input data (Shahabi and Hashim 2015; Hung et al. 2016; Basu and Pal 2017; Rahim 
et al. 2018). As already mentioned, the selection and weighting of the weights for instabil‑
ity conditioning factors are the most subjective concepts in the study. For this reason, the 
implementation of the Consistency Ratio (CR) is of utmost importance for determining 
the consistency in the decision‑making process (Kayastha et al. 2013). The results of CR 
reached 0.069, which indicates that given its value lower than 0.1 the study is reliable. 
There are studies with different geomorphological characteristics as shown by Ayalew 
et al. (2004), in the Tsugawa area in the Agana river, Japan; however, they apply similar 
conditioning factors to the present study, giving a CR of 0.07. There are lower and more 
consistent CR values in other areas where the combination of the studied factors varies, 
such as in Western Chipre in the Mediterranean Region, with a CR of 0.00254 (Myronidis 
et al. 2016). In Tirajana Depression, Gran Canaria Island, the CR value was equal to 0.02, 
indicating a coherent comparison factor for the area (Hervás et  al. 2003). Another sus‑
ceptibility study was conducted in the Kullu Valley, High Himalayas, India, in which the 
RC for the AHP method was 0.016 (Meena et al. 2019). Finally, in the case presented by 
Hasekiogulları and Ercanoglu (2012) in the western region of the Black Sea in Turkey, 11 
factors were applied, of which four had to be deleted since they provided a CR higher than 
0.1; only those factors lower than that value, with a CR of 0.0797, were used.
From the combination of the AHP and WLC methods, it is shown that the highest 
degree of susceptibility in the area (4) is located on the slopes to the west of the Upsala 
Channel, the slopes of Bertacchi and Cono Tributary Glaciers, and the slopes of Moyano 
and Norte Valleys. These slopes have not been alien to the changes caused by the reces‑
sion of glaciers, and have suffered instability process during the last years. As a result, it 
can be noted that the slope located to the west of the Upsala Channel, between the front of 
the Upsala Channel and Las Vacas Valley shows more susceptibility, reaching values up 
to 4.68, which means it is close to susceptibility degree 5. For example, the origin of the 
proglacial lakes in the superior areas of the slopes is related to the water supply generated 




generating water surges from the higher area to the lake, increasing the possibilities of 
instability conditions in the area. This is the case of the proglacial Agassiz lagoon, located 
on the highest area of the western slope and at the foot of Mc Andrews Peak (2613  m 
ASL), generating a significant contribution of superficial water and underground water to 
the Agassiz landslide, that occurred in February 2013 (Moragues 2020).
7  Conclusion
The North Branch of the Argentino Lake is a geographical area where two dynamic envi‑
ronments coexist: glacial and paraglacial. The recession of ice masses in these valleys has 
left slopes exposed to several paraglacial readjustment processes. This is a complex behav‑
ior phenomenon, since it depends on the combination of various interrelated factors (con‑
ditioning and triggering factors) propitious for the generation of instability. The six con‑
ditioning factors for slope instability that were selected are as follows: (1) slope angle, (2) 
geomorphology, (3) aspect slope, (4) lithology, (5) plan curvature, and (6) distance to geo‑
logical faults, which provided the necessary information for the use of the AHP and WLC 
methods. The combination of both methods, as a conditioning factor weighting mechanism 
for the generation of susceptibility maps was optimum for the study area.
Slope angle and geomorphology are the two factors that have the highest relative weight 
on instability. In the area, the presence of glacial deposits and steep slopes exposed to the 
sun are the predominant conditions in the generation of instability processes. The slopes 
showing high and very high (4 and 5) degrees of susceptibility are the slopes located to the 
west of the Upsala Channel (near the front of the Upsala Glacier), the slopes containing the 
Bertacchi and Cono Tributary Glaciers, and the slopes located over the Moyano and Norte 
Valleys. These slopes have a combination of conditioning factors that make the increase 
in susceptibility possible; they show slopes superior to 45° and are exposed to sunlight 
(orientated East‑Northeast). Also, the lithology forming these slopes is vulcanite, highly 
fissile, and prone to fragmentation, and shows the presence of geological faults traversing 
these valleys. The final susceptibility map shows valuable information for the area, since, 
despite the fact that there are not any population facilities, touristic ships enter the area 
daily every summer season to appreciate the superb scenery. As final remarks, it is relevant 
to take into account the susceptibility to the instability processes in this area of the Los 
Glaciares National Park in order to prevent a possible hazard that may cause severe dam‑
ages downstream and the ships that navigate the area. In addition, the results contribute 
to the decision‑making of the organizations responsible for the reduction, prevention, and 
mitigation of the risks associated with these events in the North Branch of Argentino Lake.
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